b Capillaria aerophila, a trichuroid nematode causing pulmonary infections in wild and domestic carnivores, is occasionally and potentially poorly recognized in infections of humans due to clinicopathological mimicry and a lack of accurate, robust laboratory diagnostics. The present work evaluated the efficiency of a DNA-based assay amplifying a partial cytochrome c oxidase subunit 1 (cox1) gene of C. aerophila in the diagnosis of lung capillariosis. Fecal samples from 34 dogs and 10 cats positive at parasitological examination for C. aerophila and other endoparasites (i.e., other lungworms, whipworms, roundworms, hookworms, tapeworms, and/or coccidia) and from 44 animals negative for C. aerophila but positive for other endoparasites were molecularly examined. Of the 44 samples positive for C. aerophila at copromicroscopy, 43 scored positive (i.e., 33/34 dogs and 10/10 cats) in seminested PCR, resulting in a sensitivity of 97 to 100%. Samples that were copromicroscopy negative for C. aerophila although positive for other endoparasites never produced a PCR product or nonspecific amplicons. The specific PCR amplification of C. aerophila (i.e., specificity of 100%) was confirmed by a nucleotide sequence analysis of the cox1 amplicons. The potential implications of the molecular diagnosis of lung capillariosis are discussed.
C
apillaria aerophila (syn. Eucoleus aerophilus) is a trichuroid parasitic nematode affecting the respiratory systems of domestic (i.e., dogs and cats) and wild (e.g., foxes and mustelids) carnivores and occasionally of humans (26, 32) . The adult lungworms live embedded in the epithelia of the bronchioles, bronchi, and trachea of the definitive host. After mating, the females lay eggs that are coughed, swallowed, and released via feces into the environment, where they undergo further development through the infectious stage. Animals become infected by ingesting environmental embryonated eggs or earthworms, which are considered an intermediate or paratenic host (4, 7, 34) . Indeed, the nematode is commonly found in wildlife, but it has also been identified in dogs and/or cats from Spain (20) , Germany (12) , Portugal (18) , Romania (19) , and Italy (11, 31) .
Pulmonary capillariosis in canine and feline hosts is considered subclinical, although the parasite may cause a chronic bronchitis and symptomatic cases have been recently reported (6, 31, 32) . Animals may display minimal respiratory signs (e.g., bronchovesicular sounds) or inflammation, sneezing, wheezing, and chronic dry cough; when bacterial complications occur, the cough may become moist and productive, leading to bronchopneumonia and respiratory failure (31) , and additionally, heavy parasite burdens may lead to mortality (6, 14, 26) . On occasion, C. aerophila can infect humans, causing bronchitis, coughing, mucoid sputum, presence of blood in the mucous, fever, dyspnea, and pulmonary carcinoma-like masses (1, 10, 16) .
Infection by C. aerophila appears to be cosmopolitan, but true knowledge of its distribution in and beyond Eastern Europe and the Mediterranean is lacking. The biological life cycle of the nematode is not clear; thus, there is a need for new information on the impact on pet health and actual zoonotic potential. Such a lack of knowledge is mainly due to limitations inherent to conventional diagnostic methodologies. The diagnosis of canine and feline lung capillariosis relies on the detection of the typical trichuroid eggs through standard fecal floatation (26, 32) . This approach is the most common and the least expensive in routine practice, but it presents obstacles in detecting and identifying C. aerophila eggs, which resemble those of other trichuroids (e.g., Trichuris vulpis and Capillaria bohemi) infesting companion animals (32) . Also, diagnostic limitations have thus far likely been a factor in evaluation of the actual diffusion of lung capillariosis in humans.
Despite the fact that several DNA-based assays have been recently developed for diagnosing parasitic diseases in pets (15, 17, 29, 30, 32) , no molecular research on C. aerophila has been carried out so far. Among different genetic markers used in the last few years for diagnostic purposes, mitochondrial target genes (mtDNA) proved to contain regions useful for diagnosing infections of veterinary and zoonotic concern (8, 27, 30) . Thus, the present work presents the assessment of a molecular test based on the specific amplification of the mitochondrial cytochrome c oxidase subunit 1 gene (cox1) of C. aerophila and its diagnostic efficiency as evaluated with field-collected samples.
MATERIALS AND METHODS
Sample collection. Ten adult stages of C. aerophila collected from red foxes and beech marten from different countries were kindly provided by different colleagues. Individual fecal samples were collected from 34 dogs and 10 cats diagnosed to be infected by C. aerophila alone or by other endoparasites using a standard flotation procedure (24) . These animals were from central (site 1, Marche region; site 2, Abruzzo region) and southern (site 3, Apulia region) Italy. Eggs of C. aerophila in feces of the 44 infected animals were identified by their barrel-like shape with asymmetrical bipolar mucoid plugs, densely striated outer shell with a network of anastomosis ridges, and typical size (34).
Stool samples from 22 dogs and 22 cats negative for C. aerophila but positive for other nematodes were also collected.
Parasitic ova different from C. aerophila retrieved at copromicroscopic examination of 69 fecal samples were identified according to morphological keys (24, 26) . After morphological identification of parasitic elements, an aliquot of 3 to 5 g of each fecal sample was subjected to a flotation technique as previously described (28) to concentrate the eggs, and an aliquot of 200 l of supernatant for each sample was stored at Ϫ20°C before molecular testing.
Molecular procedures. (i)
Characterization of a region internal to the cox1 gene of Capillaria aerophila. Adult stages of C. aerophila were individually processed for DNA extraction. DNA samples were subjected to a PCR specific for a 344-bp-long region internal to the cox1 gene using the degenerated set of primers Cox1NEMF (forward, 5=-CCTGAGGTTT ATATTYTWRTT-3=) and Cox1NEMR (reverse, 5=-CCTGTTARRCCTC CRATACT-3=) designed on the basis of Capillarinae consensus sequences available in the GenBank according to the criteria of Sharrocks (22) .
PCR mixtures (50 l) contained 50 pmol of each primer, 4 l of DNA extract, 25 l of Ready Mix REDTaq (Sigma, St. Louis, MO), and distilled water provided by the same manufacturer. PCRs were performed in a thermal cycler (2700; Applied Biosystems, Foster City, CA) using the following cycling protocol: 10 min at 95°C; 40 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min; and a final extension at 72°C for 10 min. Amplicons were electrophoresed in a 1.6% (wt/vol) agarose gel, stained with Gel Red 10.000X (Biotium, Inc.), purified using a QIAquick gel extraction kit (Qiagen GmbH, Hilden, Germany), and then sequenced directly using a Taq DyeDeoxyTerminator cycle sequencing kit (v.2; Applied Biosystems Inc.).
(ii) Diagnostic seminested PCR assay. All supernatant samples from canine and feline feces were subjected to three freeze-thaw cycles (with liquid nitrogen for 5 min and at 95°C for 5 min) and then to the genomic DNA extraction using a QIAamp DNA stool minikit (Qiagen GmBH). DNA extracts were then subjected to a seminested PCR protocol to amplify a diagnostic region within the cox1 gene of C. aerophila. In the first step, primers Cox1NEMF and Cox1NEMR were used, while in the second round, the forward primer CaerInt2F (5=-GAAGCCTTAATAACTATTT CAGG-3=) within the aforementioned C. aerophila 344-bp-long cox1 region, designed following the criteria of Sharrocks (22) , was used together with primer Cox1NEMR to achieve specific amplification of a 299-bplong fragment (pcox1).
PCR mixtures (50 l) contained 100 pmol of each primer in both steps, 4 l of DNA extract in the first step and 5 l of template in the second step, 25 l of Ready Mix REDTaq (Sigma, St. Louis, MO), and distilled water provided by the same manufacturer. PCRs were performed in a thermal cycler (2700; Applied Biosystems, Foster City, CA) using the following cycling protocol: 10 min at 95°C; 40 cycles at 94°C for 1 min, 48°C (first step) or 52°C (second step) for 1 min, and 72°C for 1 min; and a final extension at 72°C for 10 min. Amplicons were electrophoresed in a 1.6% (wt/vol) agarose gel, stained with Gel Red 10.000X (Biotium, Inc.), purified using a QIAquick gel extraction kit (Qiagen, GmbH, Hilden, Germany), and then sequenced directly using a Taq DyeDeoxyTerminator cycle sequencing kit (v.2; Applied Biosystems Inc.).
(iii) Molecular analysis. All sequences were determined in both orientations, and the quality of individual electropherograms was verified by eye. Sequences were aligned using BioEdit software 7.0 (13) and then compared with each other and with those of the Capillarinae cox1 gene available in GenBank using the nucleotide-nucleotide Basic Local Alignment Search Tool (BLAST) (2) . Subsequently, pairwise comparisons of sequence differences (D) were made using the formula
where M is the number of alignment positions at which the two sequences have a base in common and L is the total number of alignment positions over which the two sequences are compared (9) . The open reading frames (ORFs) were confirmed by conceptual translation of all nucleotide sequences into amino acid sequences using the invertebrate mitochondrial code MEGA5 software (25) .
Nucleotide sequence accession numbers. Nucleotide sequence data for pcox1 of C. aerophila have been registered in the GenBank database under accession numbers JQ905052 to JQ905059. the 10 cats with lung capillariosis, 6 were positive for other endoparasites, i.e., Aelurostrongylus abstrusus, roundworms, hookworms, tapeworms, and/or coccidia ( Table 1 ). The 44 animals negative for C. aerophila eggs were positive for whipworms (only dogs), other helminths, and coccidia as well (Table 1) .
Molecular identification and analysis. All samples but one from the 34 dogs (97%) and all samples from cats (100%) with lung capillariosis and other infections (Table 1 ) scored positive in the seminested PCR for an amplicon of ϳ300 bp. All samples collected from animals negative for C. aerophila and positive for other parasites (Table 1) were PCR negative. Sequencing of all 43 PCR products generated by the second round with the primer set CaerInt2F-Cox1NEMR confirmed their identity as C. aerophila compared each other and with cox1 sequences obtained from adult nematodes previously identified morphologically and provided by colleagues.
The molecular analysis showed no insertions or deletions in any of the sequences. Eight pcox1 sequence types (designated haplotypes I to VIII) were detected among the 43 sequences determined. The nucleotide sequence variation among all 8 haplotypes, upon pairwise comparison, ranged from 0.4 to 5.5% (mean, 1.9%) ( Table 2 ). The most prevalent haplotypes were I, II, and III, followed by the other 5 haplotypes. In particular, 32 sequences obtained (27 from dogs and 5 from cats) were identical to each other (haplotype I). The remaining 11 sequences differed from haplotype I by a number of mutations (from 1 to 11). Table 3 reports the number of sequences obtained for each of the haplotypes I to VIII and the nucleotide A-G and T-C transitions and transversions and their residue numbers for haplotypes II to VIII compared to haplotype I. Most nucleotide alterations were synonymous (70%), with the exception of two nonsynonymous nucleotide substitutions at the 2nd (A¡G) and 59th (T¡G) positions, which resulted in two amino acid alterations (i.e., K¡S and L¡R, respectively). The comparison of the sequences generated here with those for Capillarinae available in the GenBank, showed maximum identity of 87% (haplotypes I to VII) to 88% (haplotype VIII) with the cox1 gene of Capillaria sp. 1 isolate C1DvC23 from the Australian Oriental quall (Dasyurus viverrinus) (accession number AJ288164.1). When sequences were compared with those obtained from adult C. aerophila parasites from different hosts and European countries used to preliminarily characterize the cox1 gene of the nematode, 100% homology was found between haplotype I and sequences obtained from parasites collected from foxes (Vulpes vulpes) in Serbia and Romania. Also, haplotype II was identical to the cox1 sequence from one C. aero- phila adult collected from a fox in Serbia, while haplotype III showed identity with C. aerophila adults retrieved at the necropsy of a fox and a beech marten (Martes foina) in Portugal. Haplotype IV matched sequences from C. aerophila collected from foxes in Romania and Portugal (not shown), while the remaining haplotypes did not display 100% homology with sequences from adults collected from wildlife.
DISCUSSION
The efficiency of a seminested PCR for the specific molecular identification of C. aerophila in naturally infected dogs and cats has been demonstrated here. Specific amplicons were also generated from fecal samples containing eggs from closely related trichuroids as well as from other common endoparasites affecting dogs and cats, resulting in an overall specificity of 100%. Additionally, the seminested PCR displayed an assay sensitivity of up to 100% in the unequivocal molecular identification of C. aerophila eggs.
The molecular assay proposed here may greatly contribute to the diagnosis of pulmonary capillariosis, which cannot be achieved by clinical examination due to the many other conditions with overlapping clinical pictures in dogs and cats (e.g., viral, bacterial, and mycotic diseases, allergic conditions, foreign bodies, nasopharyngeal polyps, and lung cancers) (32) . Although confirmatory copromicroscopic findings based on the detection of typical trichuroid C. aerophila eggs are pivotal in corroborating a clinical suspicion, their morphological identification is challenging.
Most often, a copromicroscopical identification of C. aerophila eggs may be complicated, not only in mixed infection caused by this parasite and other helminthes (Table 1 and Fig. 2 ) but also, and especially, in mixed infection caused by more than one trichuroid at the same time, as in 14 dogs (Table 1 and Fig. 2 and 3) . In fact, C. aerophila eggs in canine samples are often misdiagnosed as those of the canine intestinal whipworm T. vulpis and the nasal capillarid C. boehmi, which have very similar morphometric and morphological features (32, 34) . Although the identification of C. aerophila eggs in cats may be easy because of the extremely limited distribution of feline whipworms in only a few geographical areas of North and South America (5, 34), eggs of C. aerophila are barely differentiable from those of pseudoparasitic trichuroids. In fact, as demonstrated in one animal examined here, cats may shed in their feces other trichuroid eggs with similar shape, such as those of Capillaria annulata or Capillaria hepatica (Fig. 4) from prey birds and rodents, respectively (5, 26) .
It is noteworthy that morphometric and morphological measurements and appraisal are indeed difficult but they also are not routinely performed when trichuroid eggs are retrieved in a stool sample, with the common misconception that T. vulpis is the only nematode that sheds these eggs in dog and cat feces (33, 34) .
The occurrence of haplotype I in dogs and cats from Italy as well as in wildlife from other European regions indicates that some C. aerophila populations are shared between wild and domestic carnivores. In particular, Vulpes vulpes and Martes foina may contribute to the spreading of C. aerophila in areas where it previously was not endemic and in companion animals. This epidemiological pattern is similar to that recorded for the cardiopulmonary worm Angiostrongylus vasorum as a likely effect of the increase of fox populations in periurban and urban areas and of movements of wild and companion animals around regions (21, 32, 37) . More studies are warranted for evaluating the distribution of C. aerophila in wildlife and pets cohabiting the same geographic areas in order to elucidate the phylogeography of different parasite populations.
The DNA-based method presented here is a powerful tool for holistic studies on C. aerophila by providing a basis for a better understanding of poorly known aspects of the biology, epidemiology, pathogenesis, and taxonomy of this parasite. Topics that deserve to be better investigated include the actual role of C. aerophila in causing lung diseases in humans and the role of earth-worms and paratenic hosts in its life history. Indeed, studies aiming to evaluate the diffusion of C. aerophila in humans would be valuable. In fact, thus far only 12 cases of infection have been published in the literature (1, 3, 10, 16, 23, 35, 36) . However, it is likely that the disease is underdiagnosed, as the symptoms reported in the literature actually overlap those of a plethora of respiratory diseases which may be self-limiting or may resolve after nonspecific treatments. The application of a reliable test in regional or national parasitology laboratories would be a powerful tool to diagnose human infections by C. aerophila.
